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FOREWORD 



The material presented in Sections 1 and 2 of this Report 
repeats in abbreviated form the subject-matter of Report 1973/38 
(Holography: A General Survey). It is here included for the 
sake of completeness ^d to avoid the necessity of making 
extensive cros&-references between the tvwo Reports. 
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1. Introduction 

Hologr^hic techniques have been described in detail 
elsewhere.^ '^"^ Briefly, a hologram consists of a recording, 
on photographic film or other suitable light-sensitive 
material, of part of the interference pattern formed in the 
common volume occupied by two distinct components of 
coherent radiation, initially derived from the same source 
(usually a laser^'^). The distinction between these two 
components of radiation lies in the paths traversed in each 
case. The path of one component (the 'object beam') 
includes reflection from (or transmission through) the 
object whose image is to be stored holographically. The 
other component (the 'reference beam') has a well-defined 
path whose geometry can be readily duplicated. When the 
hologram is illuminated by a 'reconstaiction beam' of 
radiation having the same wavelength and geometry as that 
of the original reference beam, diffraction occurs from the 
grating-like structure formed by the recording of the inter- 
ference pattern. One of the diffracted components is a 
reconstmction of the original wave-front isajing from the 
object, giving rise to a 'reconstructed' image of the original 
object occupying the same position in space (relative to the 
plate) as the original object. The other diffracted com- 
ponent is the so-called 'twin wave', giving rise to an image 
occupying the alternative position of the object which 
would have produced thesame recorded diffraction pattern. 

If the radiation from the object has diffuse properties, 
either by virtue of the introduction of a diffusing surface 
into the object illuminating beam, or because of diffuse 
scattering of the illumination by an opaque object, light 
from any one part of the object will be spread over the 
entire area of the hologram: thus any portion of the holo- 
gram will contain information concerning the entire object 
and a complete image can be reconstructed from it. This 
means that the whole reconstructed image can be viewed 
from a variety of directions without optical aids, and that 
the image of a three-dimensional object will also be three- 
dimensional and give the appearance of observing the 
original object through a window formed by the hologram 
itself. In making such a so-called 'diffuse' hologram, laser 
radiation of adequately long 'coherence length' is required. 
By 'coherence length' is meant the greatest distance between 
two points along the direction of propagation of the radia- 
tion such that significant correlation exists between the 
phase of the radiation at each point. This distance is equal 
to the greatest difference in path length in the two arms of 
an interferometer for which, when using the radiation 
under consideration, distinct interference fringes are pro- 
duced: it is related to the degree of monochromaticity of 
the radiation.^^'^^ This consideration is discussed in 
Section 3.3.4. 



ference between components of reflected light emanating 
from the different elementary portions of the surface. 
When making a hologram of an object, the granular stmc- 
ture of the speckle pattern will be recorded on the holo- 
graphic medium in addition to the wanted holographic 
interference pattern. On reconstructing the holographic 
image, some of the reconstructing light beam is diffracted 
away from the straight-through direction because of the 
presence of this recorded random pattern, to form a 'flare' 
component. The angular extent of this flare component 
depends on the 'scale' of the recorded speckle pattern (i.e. 
the average distance between similar features); this in turn 
depends on the angle subtended by the object at the holo- 
gram, the speckle pattern becoming coarser as the size of 
the object is reduced. It can be shown'^'' that the angular 
extent of the flare components is up to twice the angle sub- 
tended by the object at the hologram (this is also shown in 
Fig. 5). In the limit, if the angular extent of the object is 
zero, (i.e. if the object is simply a point source), then no 
speckle-pattern component is produced and no scattering 
of the reconstructing light beam occurs from this cause. A 
method of reducing the angular extent of the flare com- 
ponent in a hologram of an extended diffuse object, based 
on this fact, has been suggested.® In this method, the 
effective size of the object is reduced, as far as the produc- 
tion of speckle pattern is concerned, by illuminating it with 
a small patch of coherent light which is scanned over the 
whole object during the holographic exposure. Another 
method of eliminating the effect of speckle pattern is the 
use of a 'heterodyne' system^ '''^'^ in which the frequency 
of the radiation in the reference beam differs from that in 
the object-illuminating beam. A moving interference 
pattern is produced, which cannot be recorded on materials 
such as photographic emulsions: however, by using a 
suitable method of photoelectric reception, an electrical 
signal will be produced, consisting of a 'carrier' component 
having a frequency equal to the frequency difference 
between the object-illuminating and reference-beam com- 
ponents of the incident radiation, and other 'sideband' 
components which convey object information.* This 
signal is made to modulate the intensity of a spot of light 
which is suitably scanned over a sheet of light-sensitive 
material. The resulting hologram does not contain the 
speckle-pattern component. The advantage of eliminating 
the speckle-pattern component is further discussed in 
Section 3.3.2. 



2. Elementary theory 

The theoretical treatment given below serves to illus- 
trate the important features in the production of a holo- 
gram and the formation of the reconstructed image. A 



A disadvantage in the use of diffuse coherent illumi- 
nation is the appearance of the so-called 'speckle pattern', 
a fine random granular pattern produced by mutual inter- 



The original spatial carrier frequency (see Section 2) is reduced to 
zero by using an 'on-axis' reference beam. 
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Fig. 1 - Two interfering beams 

fuller account of the theory is given elsewhere. ' Con- 
sider two collimated beams (A and B) of monochromatic 
and mutually coherent light travelling horizontally (and 
therefore containing vertical plane wave-fronts) and falling 
on the same area of a vertical flat photographic plate P 
(Fig. 1). For simplicity, one beam is assumed to be nor- 
mally incident on to the plate while the angle of incidence 
of the other beam in a horizontal plane is (p. It can be 
shown that 



/=■ 



sin 



(1) 



where / is the spacing of the fringes on the photographic 
plate. When processed, the plate will carry a series of 
alternately clear and opaque parallel stripes having the 
spacing /, and will therefore behave as a diffraction grating. 
If illuminated by the beam A in Fig. 1, a number of beams 




will emerge from the plate (Fig. 2) travelling at angles 0„ to 
the normal to the plate, where^^^ 

sin0„ = ±«V' (« = 0,1,2...) 

Since 0^ = 0, the condition n = corresponds to the 'zero 
order" or undeviated beam (A' in Fig. 2). The 'first order" 
(n = 1) diffracted beams B' and b" emerge at angles ±0j, 
where 



sin0j = V' 



(2) 



Fig. 2- Diffraction from two-dimensional recording 
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Comparing Equations (1) and (2) it can be seen that0j = 0, 
and that the beam O' is therefore travelling in the same 
direction as the original beam B in Fig. 1. The beam B' 
may therefore be regarded as a 'reconstruction' of the beam 
B. The beam B" corresponds to the unwanted 'twin wave' 
(see Section 1). It may be regarded as the reconstruction 
of a hypothetical beam incident on to the plate at the same 
angle as the beam B in Fig. 1, but on the opposite side of 
beam A', as this hypothetical case would give rise to the 
same interference pattern, and therefore the same stripe 
pattern on the processed plate, as in the case discussed above. 

If several 'object' beams are simultaneously incident 
atvarious angles onto the plate, in addition to the 'reference' 
beam A, interference patterns will be formed between each 
such beam and the reference beam. On illuminating the 
processed plate, reconstructions of each such beam will be 
produced, together with the respective 'twin waves'. This 
concept leads to a theoretical treatment^ '■^'^ ^ in which the 
interference pattern produced by an extended object and 
recorded on the hologram may be regarded as being com- 
posed of a number of Fourier components. Each such 
component constitutes an elementary grating and diffracts 
light into two first-order components. The superimposition 
of the components from all the elementary gratings gives 
the total radiation field diffracted by the hologram and it 
can be shown that this field consists of a reconstruction of 
the original object wave, together with a conjugate twin 
wave. A plane wave arriving at the photographic plate 
along the direction of propagation of the reference wave, 
and another arriving along a direction related to the position 
of the object (this direction could, for example, be along 
the line joining the centre of the object to the centre of 
the photographic plate), would give rise to a hologram (as 
described above) consisting of an elementary diffraction 
grating with a certain periodicity, this periodicity may be 
regarded as a spatial 'carrier', and all the other Fourier 
components of the recorded diffraction pattern then be- 
come 'sidebands' carrying information about the charac- 
teristics of the object and the reference beam. 

So far, the description of the holographic process has 
assumed a process of diffraction from a grating consisting 
of areas of differing optical transmission. Diffraction will 
also occur, however, if the phase of the incident radiation 
is modified'^'^ by the hologram. In the present context, 
the principal advantage in the use of such a 'phase holo- 
gram' instead of the 'amplitude hologram' previously des- 
cribed is that it greatly increases the 'diffraction efficiency' 
of the system (i.e. the proportion of the radiant energy 
incident on to the hologram during image reconstruction 

that it utilised in the wanted image-forming diffracted com- 
ponent).2d.12,13.14,15.16 




object 







object 
illumination 

photosensitive 
/ surface 



scanning 
system 



Ujl, »---tt||| 




Tx 



reference 
beam 



Rx 



\f 



display 
surface 



reconstruction 
of object 



/'>. 



.-A' 



■1 ' 



scanning 
system 




/ 



^ 



observer 



reconstruction 
beam 



Fig. 3 - Basic holographic television transmission system 



3. Holographic television transmission systems 

3.1. Basic principles 

The ability of a hologram to present a truly three- 
dimensional image has excited much interest, since in 
principle a holographic system of television transmission 
could provide such a di^lay. The basic elements of such a 
system are shown in Fig. 3. Two beams of coherent light 
are derived from a single source using a beam-splitting 
system (not shown) and are used as object illumination and 
reference beams in a holographic system. A photosensitive 
surface intercepts the holographic interference pattern, the 
resulting intensity variations over the surface being con- 
verted into a time-varying electrical signal by a scanning 
system. This signal is suitably processed and radiated by a 
transmitter. At a receiver, the signal is supplied by way of 
another scanning system to a 'display' surface, having the 
property that the relative phase of the light transmitted 
through (or reflected by) a small area of the surface, or 
alternatively the optical transmission of the small area, is 
related to Ihe magnitude of the electrical signal supplied to 
the surface by the scanning system. A phase or amplitude 
hologram is thus built up on the surface, which when illumi- 
nated by a suitable reconstruction beam will provide a 
holographic image of the original object 

Although simple in principle, many practical diffi- 
culties prevent the easy implementation of such a trans- 
mission system. The principal, difficulties are:— 

(a) B«;ause of the very fine stmcture of the holographic 
interference pattern, a very high bandwidth would be 
required to transmit the electrical signal resulting 
from the scanning process, remembering that a rapid 
succession of holograms would be required to preserve 
the illusion of object motion. 

(b) The quality of the received image would be impaired 
by flare and speckle-pattern effects, and difficulties 
would occur if image reconstruction in colour was to 
be attempted. 

(c) Some of the elements of the holographic system 



shown in Fig. 3 do not at present exist in a form 
suitable for use in a broadcasting system. 

(d) Severe restrictions would be placed on the nature of 
the scene material capable of being transmitted. 

These difficulties are discussed in Sections 3.2 and 
3.3, being summarised in Section 3.3.4 with particular 
reference to the use of a holographic transmission system 
for public-service broadcasting. 

3.2. Considerations of bandwidth 

An estimate of the order of magnitude of the band- 
width required in the basic holographic television trans- 
mission system shown in Fig. 3 may be obtained by invest- 
ing certain parameters of the system with arbitrary but 
'reasonable' values. Consider the case in which: 

(a) The wavelength of the coherent light is 632-8 nm 
(He-Ne laser radiation). 

(b) The dimensions of the photosensitive surface and the 
display surface are 40 cm (horizontal) and 30 cm 
(vertical). 

(c) The reference beam angle is 30°, the beam being 
collimated and travelling horizontally, and originating 
on the left-hand side of the object* 

(d) The object consists of a sphere subtending an angle of 
18° at the photosensitive surface, the object being 
centrally disposed relative to the photosensitive 
surface.** 

(e) Sequential scanning is used, the scanning lines being 
horizontal. One complete scan occupies 20 ms. 

• Ttirougliout ttiis section 'left' and 'right' refer to tlie view of the 

observer looking towards the virtual source of the reference or 

reconstruction beam. 

•* An object of height 62 cm (say t\NO feet) placed 205 cm (say 

seven feet) from the photosensitive surface would subtend this 

angle: the reconstructed image would occupy the full height of 

the display at a viewing distance of six times the picture height. 
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Fig. 4 ■ Geometry of two non-normal interfering beams: 
two-dimensional case 



The overall interference pattern laid down on the 
photosensitive surface can be described in terms of the 
'^atial spectra' (i.e. the distribution of spatial frequencies) 
in the vertical and horizontal direction. These spatial 
spectra may be derived by first considering two collimated 
beams A and B, of wavelength X, arriving at angles of inci- 
dence to the photosensitive airface of 0j and 0^ respec- 
tively (Fig. 4). The convention is adopted that the beams 
arrive on opposite sides of the normal XN to the photo- 
sensitive surface P and that (p^ is smaller than 0^; 0, 
becomes negative in the case in which both beams are on 
the same side of XN. The beams A and B contain plane 

wavefronts W^^, W^j ^"^ Wg,, Wb2 

corresponding features of the interference fringes being 
formed in planes Fj, F^, . . . . The two sets of wavefronts 
meet at an angle (0, -i- 0^); hence in the right-angled tri- 
angles XYZ and TQZ 



XZY = TZQ = 0, +02 



It can be shown that 



XZ=TZ^ 



sin (01+02 



Ic, say 



(3) 



Hence in the isosceles triangle TZX, 



XTZ = 90 



o {<!>,+ <l>^) 



and therefore, in the right-angled triangle TYX, 

0, +0, 
TXY=-i L 



Since 



NXY = 0,, 



NXT 



The fringe planes Fj, F^ . . . therefore make an angle 
(02 — 0i)/2 with the normal XN to the photosensitive 
surface. Planes Fj and F intercept the photosensitive 
surface at X and Z', the length XZ' (= /) giving the distance 
between successive fringes in the holographic pattern. It 
can be seen that 



/ = XS-SZ' 
In the right-angled triangle XSZ, 

SXZ = 0i 
hence XS = fccos0i 

Furthermore, in the right-angled triangle ZSZ', 



(4) 



/s -0 

z'zs = J 1 



hence 



SZ' = fcsin0i tan 
and from Equation (4) 



(^) 



l = lc 



cos 01 — sin 

1+COS(0, +02) 



•"M 



COS 01 + COS 02 

hence from Equation (3) 

1 + cos (01 +0^) 



(5) 



/=X. 



sin (01 +02)(cos0i + cos 02 



(6) 



The spatial frequency of the interference pattern (n) is 
therefore given by 



sin(0, +0,)(cos0, +COS0, ) , 

n = 1 2 1 1. X 10* 

X[1 +COS(0i +02)] 

where X is expressed in nm 

and n is expressed in cycles/mm 



(7) 
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TABLE 1 
Spatial Frequencies 



Item 


Origin of ray pairs ('Extremities' of 
object or image are as seen by observer) 


<^i 


<^2 


n 

(cycles 

per mm) 


P 
(Equation 8) 


1 


Two diametrically opposite points at 
extreme edges of obi«:t 


9° 


9° 


494 


27-4 


2 


Reference laeam and centre of object 


0° 


30° 


790 


26-3 


3 


Reference beam and extreme left-hand 
side of object 


-9° 


30° 


543 


25-9 


4 


Reference beam and extreme riglit-hand 
side of object 


9° 


30° 


1037 


26-6 


5 


Reference beam and extreme top of object 
(0j and 02 not in same plane) 


9° 


30° 


830 


p=26-6 



Equation (7) may now be used to calculate some 
spatial frequency components of the overall interference 
pattern.* Table 1 shows values for 0j and 0^ (see Fig. 4) 
for pairs of rays which contribute to Hie interference 
pattern, and the corresponding spatial frequencies produced 
by each of these ray pairs. Item 1 represents the highest 
spatial frequency present in the speckle pattern compo- 
nent due to self-interference of light from the object (see 
Section 1). The speckle pattern therefore contains fre- 
quencies extending from zero up to this maximum value. 
This is diown diagrammatically in Fig. 5, in which the 
vector length from the origin represents the magnitude of 

17 
* This aspect is discussed in more general terms by Macovskl. 
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Fig. 5 - Spatial-frequency spectrum for basic fiolographic 

system 
Numbers in brackets refer to the corresponding items in Table 1 



the spatial frequency, and the vector orientation the 
'direction' of the spatial frequency (i.e. the direction of the 
normal to the set of fringes under consideration).* The 
shape of the speckle-pattern spectrum (a semi-circle in the 
present case) is dictated by the shape of the object. 

For the reconstructed image to be free of flare light 
due to the recorded speckle-pattern component, the spatial 
frequencies involved in the holographic interference pattern 
must all be hiqher than any of the speckle-pattern com- 
ponents.^'''^' ^ ^'^ ^ This situation is achieved by a suitable 
choice of object dimensions and reference-beam angle. In 
the present case the angular relationships between the 
reference beam and rays emanating from the centre and 
horizontal extremities of the object have been chosen so as 
to occupy the available range of spatial frequency leaving 
only a small 'guard band' between the speckle-pattern and 
holographic-pattern components. In Table 1, Item 2 refers 
to interference between light from the centre of the object 
and light in the reference beam and therefore gives rise to 
the 'spatial carrier' component in Fig. 5, while Items 3 and 
4 give rise to the lowest- and highest-valued spatial fre- 
quency components. It is immediately apparent that the 
values of spatial frequency are about three orders of magni- 
tude higher than those involved in present-day television 
displays. The interference patterns produced in these three 
cases all consist of vertical bar patterns, and the corres- 
ponding spatial frequencies are therefore represented as 
lying on the horizontal axis in Fig. 5. 

The situation produced by the conditions of Item 5 
in Table 1 will give rise to a bar pattern inclined to the 
vertical. The simple two-dimensional treatment implicit in 
Fig. 4 and Equation (7) can no longer be used to determine 
the spatial frequency of this component, since the plane 
containing the reference-beam direction and the ray from 
the object, both passing through the point X (Fig. 4) on the 

• The two quadrants shown are sufficient to describe all possible 
spatial frequencies. 



(PH-116) 



5- 




tan 



a + /3 
= cot™ cot-^ 



Fig. 6 - Geometry of two non-normal Interfering beams: 
three-dimensional case 

photosensitive surface, no longer contains the normal XN 
to this surface. It may, however, be seen from Table 1 
that for the range of angles under consideration the spatial 
frequency is approximately proportional to the angle 
(01 +02^ between the two interfering beams of light, and 
is virtually independent of the orientation of the photo- 
sensitive surface. Equation (7) may therefore be approxi- 
mately expressed as: 



n = p{<p^+(p^)=p(j) 



(8) 



wherepis the mean of the values of p given in the right- 
hand column of Table 1, 

and is the angle* between the two interfering beams of 
light. 

In Fig. 6, the plane P represents the photosensitive 
surface and XN is the normal to this surface through the 
centre of the object. LX is a ray of light from the extreme 
top of the object making an angle 0j with the photo- 
sensitive airface; hence LXN = 0,. MX defines the direc- 
tion of arrival of the reference beam, so that MXN = 0^. 
The angle between the two beams is thus LXM; since 
NX is not in the plane LXM, 9^ 0j -h 0^. CM, CLN and 
LM are great circles on a sphere of arbitrary radius and 
centre X. It can be shown^^ that in the spherical triangle 
CLM, 



tan- 



a-(3 



02 01 

cot_i tan-i- 



(9) 



2 2 



sm ■ 



and 



tan — = tan — 
2 2 



a-/3 
sin — — 



(10) 



(111 



Note that (0j + 0,) = only in the twodlmensional case of Fig. 4. 



Solving Equations 9 — 11 for the values of 0j and 0^ 
given in Item 5 of Table 1, 

a= 105-2° (12) 

and 0= 31-2° (13) 

From Equation (12) 

NLM= 180° - a = 74-8° 

hence in the triangle LAB on the plane tangential to the 
sphere at L, 

ALB =74-8° 

By considering the right-angled triangles LAB, L'AB (on 
the plane tangential to the sphere at N and therefore 
parallel to the plane of the photosensitive surface) and 
all' (on the plane perpendicular to that of the photo- 
sensitive surface and containing the normal NX to this 
surface) it can be shown that 

A., 
tan AL B = cos 0j tan ALB 

hence AL'B = 74-6° 

and from the right-angled triangle L'm'N in the plane 
parallel to the photosensitive surface 

L'm'N= 15-4° 

Since the fringes due to the interference of light in the 
rays LX and MX occur in planes perpendicular to the plane 
containing these two rays, the angle L'M'N represents the 
inclination to the vertical of the intercepts of these fringes 
with the photoreceptive surface. The direction of the 
spatial frequency vector corresponding to this set of fringes 
(Item 5 in Fig. 5) is therefore at an angle of 15-4° to the 
horizontal, the magnitude being given by substituting 
Equation (13) into Equation (8). A vector of the same 
magnitude but of opposite inclination (Item 5a in Fig. 5) 
would correspond to the interference pattern produced by 
light from the extreme bottom of the object. 

Table 2 shows the highest spatial frequencies involved 
in the holographic interference pattern. Vertical compo- 
nents of greater magnitude are present in the speckle- 
pattern spectrum but these may be disregarded as the 
accurate reproduction of this pattern is not necessary at the 
holographic receiver (in fact its presence is undesirable, 
and methods of suppressing it are described in Section 
3.3.2). Considering first the vertical component, the 
number of lines in the television scanning system must be 
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TABLE 2 
Nicest Spatial-Frequency Components in Holograptiic Interference Pattern 



Component 



Vertical 



Horizontal 



Vector in Figure 5 



Vertical component of Items 5 or 5a 



Item 4 



Magnitude 
(cycles/mm) 



220 



1037 



No. of cycles in 
complete display 



6-6 X 10^ 



4-15X 10^ 



at least twice the greatest possible number of interference- 
pattern cycles in the picture height (see Table 2) for 
correct reproduction of the pattern at the receiver. This 
leads to the requirement of at least 1-32 x 10' scanning 
lines. Since a complete field is scanned in 20 ms, 
each complete line occupies a duration of 0-15 /xs. 
The bandwidth required to transmit the number of cycles 
of interference pattern shown in Table 2 is thus 2-8 x 10' 
MHz. The basic holographic television transmission 
system shown in Fig. 3 therefore requires a video band- 
width which exceeds the present-day system bandwidth by 
a factor of approximately 5 x 10', and thus must be 
regarded as wholly impracticable to implement in the 
forseeable future. 

The spectrum of the holographic interference pattern 
(Items 2 to 5 in Fig. 5) may be considered as a 'carrier' 
spatial-frequency component (Item 2) and 'modulation' 
spatial-frequency components extending outwards in all 
directions from this carrier component. The foregoing 
analysis shows that the locus of the highest-valued modu- 
lation components are approximately circular, as shown by 
the chain-dashed line in Fig. 5, their magnitude being 
approximately half that of the highest-valued spackle- 
pattern components (Item 1 in Fig. 5). This property of 
the speckle-pattern components has been described by 
Smith.2'' 

3.3. Methods of reducing the bandwidth 

3.3.1. Reduction of the angular extent of the object 

Equation (8) shows that a reduction in the angle 
subtended by the (spherical) object at the photosensitive 
surface, together with a corresponding reduction of the 
reference- and reconstruction-beam angles so as to retain 
only a narrow 'guard band' between the holographic and 
speckle-pattern spatial frequency components, will produce 
a proportional reduction in the maximum values of spatial 
frequency present in the interference pattern. In the 
vertical direction this will permit a proportional reduction 
in the number of scanning lines, and therefore a propor- 
tional increase in the duration of one such line; in the 
horizontal direction a proportional reduction in the number 
of picture elements per line will occur. Thus the overall 
reduction in bandwidth is proportional to the square of the 
reduction in subtended angle, or 



Bb \<^b / 



(14) 



where 0^ and 0g are two values of angle subtended by the 
object, 

and B^ and Bg are the corresponding required band- 
widths. 

A reduction in object subtended angle (or object 
size, since the angles involved are small) by a factor of ten 
would therefore give rise to a bandwidth reduction of 100. 
In terms of the parameters defined in Section 3.2, reducing 
the object diameter to about 6-2 cm (IVi inches: roughly 
the size of a tennis ball) would reduce the required band- 
width to3x 10^ MHz. 

3.3.2. Elimination of the speckle-pattern component 
and reduction of spatial carrier value 

The lowest value of spatial-frequency component 
present in the holographic interference pattern is (in princi- 
ple, ignoring the need for a 'guard band') equal to the 
highest value of spatial frequency in the speckle-pattern 
spectrum. Inspection of Fig. 5 shows that, if the speckle- 
pattern component were to be entirely eliminated, the 
value of the spatial carrier could be reduced, resulting in 
the reduction of the value of the highest horizontal spatial- 
frequency component by a factor of two. The line des- 
cribing the limit of the holographic spatial-frequency com- 
ponents (chain-dashed in Fig. 5) would then be tangential 
to the vertical axis at the origin. In terms of the para- 
meters defined in Section 3.2, the required bandwidth 
would be 1-5 X 10* MHz. This result could be achieved by 
filtering the video signal generated in the basic holographic 
television system of Fig. 3, followed by a frequency down- 
conversion such that the lowest-frequency component of 
the electrical signal corresponding to the holographic 
pattern (Item 3 in Fig. 5) adopted a relatively low (in 
principle zero) value. At the receiver the reconstruction- 
beam angle would have to correspond with the lower 
frequency-changed value of the spatial carrier (Item 2 in 
Fig. 5). Alternatively, the generation of the speckle- 
pattern component could be avoided, (see Section 1) either 
by the technique of scanning a narrow beam of coherent 
light over the object,^ or by the use of the technique of 
temporal modulation or heterodyne^'^'^ using an on-axis 
reference beam at the transmitter and a reconstmction- 
beam angle appropriate to the heterodyne-generated spatial 
carrier at the receiver. 

A further halving of the required bandwidth could be 
achieved by using an on-axis reference beam of the same 
frequency as the object-illuminating beam. The value of 
the spatial carrier would then be zero and the line des- 
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cribing thespoitmm of the holographic interference pattern 
(Fig. 5) would be a semi-circle centred on the origin and of 



radius approximately n^ 



The fact that this sp«;trum 



can be completely represented in Fig. 5 by a semi-circle 
(see footnote on p.5, col. 2) indicates the difficulty arising 
in the use of aich a system: in the image reconstruction 
process (again using an on-axis reconstruction beam) the 
wanted image and the 'twin image' (see Sections 1 and 2) 
would not be sqjarable and degradation of the wanted 
image by the twin-image diffracted radiation would cxicur. 

3.3.3. Rec&iction of size of photosensitive and display 
surfaces 

The spectrum of the interference pattern is, within 
the limits of accuracy involved in the present discussion, 
uniform over the whole area of the photosensitive surface. 
A reduction in the height of the photosensitive surface 
would give rise to a proportional reduction in the number 
of scanning lines required, while a reduction in the width 
of the surface would produce a proportional reduction in 
the scanning velocity. Scaling the linear dimensions of the 
photosensitive surface (and display) by a factor m, while 
preserving the same display aspect ratio, will therefore 
produce a change in bandwidth proportional to m? . For 
example, if the dimensions of the display are chosen as 
12 cm X 9 cm (a standard photographic plate size), the 
value of m (relative to the parameter defined in Section 3.2, 
Item (b)) is 0-3 and tlie corresponding bandwidth reduction 
factor is 0-09: the bandwidth requirement for this reduced 
display size Is therefore 2-7 x 10^ MHz, assuming no other 
changes from the basic transmission system shown in Fig. 3. 

3.3.4. Discussion 

When assessing new television transmission systems, 
the picture quality achieved by present-day systems must 
be taken as a standard of comparison. Any potential 
improvements in particular aspects of picture quality that 
may be obtained with the new system must represent a 
worthwhile gain in the system considered as a whole, and 
must not be accompanied by reductions in other aspects of 
picture quality that are currently taken as acceptable. 
Such considerations enable the distinction to be made 
between a viable new system of television transmission on 
the one hand, and an interesting but nevertheless unaccept- 
able 'laboratory curiosity' on the other. In the present 
case, the improvement in picture quality represented by 
the addition of three-dimensional information must not be 
made at the expense of reductions of standards in terms of 
screen size, portrayal of motion, colour and. resolution. 
The first two of these requirements led to the adoption of a 
40 cm X 30 cm screen size and to a picture repetition rate 
of 50 per second (Items (b) and (e) of Section 3.2). 
Other practical considerations impose a limit on the angle 
ajbtended by the subject of the televised scene at the 
'taking' photosensitive surface (one example of this restric- 
tion is given in the second footnote on p. 3: another exam- 
ple would be that of a six foot high human figure, which 
could not approach the 'camera' nearer than about 21 feet). 
In fact, another restriction of the maximum size of scene 
object exists: the optical path difference between light 
arriving at the photosensitive surface by way of reflection 



from the object and light arriving by way of the reference 
beam must not exceed the coherence length (see Section 1) 
of the illuminating radiation. A hologram of a 'head and 
shoulders' view of a human figure ' has been success- 
fully made but it appears that this represents the limit in 
object size with present-day laser techniques. 

The necessary use of coherent radiation in object 
illumination indicates that a holographic television system 
would be confined to studio use, and that 'outside broad- 
cast' transmissions would not be possible. Even if suitable 
object illuminating methods could be devised, coherence 
length considerations (see above) would pr«;lude the trans- 
mission of large-scale outside broadcast events. 

In the basic holographic transmission system (Fig. 3) 
the two components furthest from present-day practic- 
ability are the scanned photosensitive surface and the dis- 
play surface. It is unlikely that the photosensitive sjrface 
would resemble a conventional camera tube, as the high 
capacity of such a large target, together with the extremely 
wide signal bandwidth, would result in an impractically 
poor signal-to-noise ratio. If such a surface were to be 
developed, it would probably take the form of a switched 
array of very small discrete photoelectric devices: about 
5-5 X 10''' ((1-32 X 10') X (4-15 x 10'); see Table 2) 
such devices would be required. It is similarly difficult to 
envisage a practical form of scanned display surface, the 
most likely realisation being a form of deformable surface 
in which the deformation is controlled by the incoming 
video signal. 

The bandwidth requirement for the holographic trans- 
mission system is determined by the angular extent of the 
scene to be transmitted. In this respect the holographic 
system differs from a conventional television system, in 
which the bandwidth requirement is dictated by the resolu- 
tion requirements of the displayed picture. A restriction 
in the bandwidth of the video signal in a holographic system 
would restrict the horizontal 'field of view' of the displayed 
picture, but within tfiis restricted field of view objects 
would appear with full definition. Such considerations 
point to the possibility of 'trading' field of view for reduced 
object resolution. For example, it might be feasible to 
transmit a coded video signal, each element of the code 
representing a 'bar pattern' of defined geometrical extent, 
spatial frequency and phase, pattern inclination and modu- 
lation depth. The number of such codes would need to be 
chosen to give adequate (by present-day standards) resolu- 
tion while at the same time permitting some reduction in 
transmitted signal bandwidth. Alternatively, the use of the 
space coding technique^^'^"*'^^ might be feasible, if the 

'O a Oft O "7 O Q 

generation of a pseudoscopic image •^°"^'' ° could be 
avoided. 

The transmission of colour using the holographic 
system can in principle be carried out by using three (red, 
green and blue) coherent light sources.* It would be 

* It must however be noted that a colour-camera analysis charac- 
teristic wliich samples the reflectance value of a coloured object 
at three wavelengths only (such as would be obtained by using 
scene illumination consisting of three spectral lines) is likely to 
give rise to considerable errors in the reproduction of some 



colours, 
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possible to use a separate photosensitive surface for each 
colour during transmission, and a separate display surface 
during reception, in both cases using a set of dichroic 
mirrors to control the appropriate separation or combina- 
tion of light Alternatively, one photosensitive and one 
display surf^e could be used: problems would then arise 
in the separation of the three wanted reconstructed 
images (one of each colour) from the six unwanted 
images.^^'^^'^°'^^ '^^'^^'^'* The best solution in this case 
would probably te the use of the method proposed by 
Collier and Pennington,^^ in which the three 'colour- 
separation' holograms would be formed on discrete inter- 
leaved areas of the photosensitive surface during trans- 
mission, using coloured filters, and the three reconstmcting 
beams would be similarly permitted to fall only on the 
appropriate areas of the display surface. 

The foregoing discussion has assumed that the holo- 
graphic interference pattern is formed from light scattered 
from the scene to be trananitted, without the use of a lens 
system, since the light diffracted from the display surface 
would in this case generate an undistorted three-dimensional 
image of the original scene. It would of course be possible 
to place a lens system between the scene and the photo- 
sensitive surface; this could reduce the effective angle sub- 
tended by objects in the scene at the photosensitive surface, 
txjt would not assist in overcoming the 'coherence lengths' 
problems discussed earlier in this section. The reconstruc- 
ted image could similarly be viewed through another lens 
system. Unfortunately, the three-dimensional 'aerial' image 
formed by a lens shows considerable dimensional distortion, 
relative to the original three-dimensional object. In par- 
ticular, the magnification* parallel to the optical axis is 
proportional to the square of the magnification perpen- 
dicular to this axis. For magnifications less than unity 
(the usual situation in television imaging applications) this 
will result in very considerable foreshorteninq of the three- 
dimensional image: the principal attribute of the holo- 
graphic television system (the ability to portray three- 
dimensional objects) is therefore largely lost. It is difficult 
to envisage a lens system at the display which will compen- 
sate for this image distortion. 

One further problem concerned with the use of a 
holographic television transmission system deserves men- 
tioning. If the above-discussed image distortions could be 
overcome, the reconstmcted image might well take the form 
of a three-dimensional replica of the original scene, but on 
a much reduced scale. It is apparent that such scale reduc- 
tion is acceptable in a conventional television display, as 
indeed it is in any two-dimensional pictorial representation 
of a three-dimensional scene. It is, however, by no means 
obvious that this tolerance to what is, in fact, a deliberate 
distortion of the displayed image, will be carried over into 
the situation where the 'three-to- two-dimensional' distortion 
is removed. The situation may well arise in which a three- 
dimensional representation of the original scene on a 
reduced scale represents a worse distortion than the 
currently acceptable reduced-scale two-dimensional repre- 
sentation. 



magnitude of dimension in image 



the ratio - 



magnitude of corresponding dimension in object 



4. Conclusions 

The transmission of three-dimensional television images 
of broadcast quality by means of a holographic system 
involves a very high-bandwidth video signal (of the order of 
3x10* MHz), and would thus be totally impracticable in 
the forseeable future. Components required for opto- 
electric conversion (cf. the camera tube in a conventional 
television system) and electro-optic conversion (cf. the con- 
ventional display tube) having this bandwidth do not seem 
likely to be developed on any useful time-scale. Even if such 
components were to become available, a difficulty would 
still exist in the provision of coherent scene lighting, since 
the difference in the source-to-receptor path lengths corres- 
ponding to different parts of the scene must not be greater 
than the coherence length of the radiation, which is at best 
of the order of a few metres. Furthermore, transmissions 
from scenes illuminated by daylight or conventional 
artificial light would be excluded. 

It does not therefore appear feasible to develop a 
holographic television system. 

5. References 

1. TAYLOR, E.W. 1973. Holography: a general survey. 
BBC Research Department Report No. 1973/38. 

2. SMITH, H.M. 1969. Principles of holography. New 
York, Wiley- 1 nterscience, 1969. 

2a. Ibid. p. 184 and p. 201. 

2b. Ibid. p. 149. 

2c. Ibid, pp.48- 53. 

2d. Ibid. p. 49. i 

2e. Ibid. p. 25. 

2f. Ibid. Chapter 7. 

3. STROKE, G.W. 1969. An introduction to coherent 
optics and holography. New York, Academic Press, 
1969. 

3a. Ibid. pp. 138- 139. 

3b. Ibid. p. 257. 

4. SINCLAIR, D.C. fl«rf BELL, W.E. 1969. Gas laser 
technology. New York, Holt Rinehart and Winston 
Inc., 1969. 

5. BROWN, R. 1969. Lasers: a survey of their per- 
formance and applications. London, Business Books 
Ltd., 1969. 

6. DE BITETTO, D.J. and DALISA, A.L. 1971. Elimi- 
nation of flare light in hologram recording of diffuse 
objects. Appl. Optics, 1971, 10, 10, pp. 2292-2296. 



(PH-116) 



9- 



7. ENLOE, L.H., JAKES, W.C. and RUBINSTEIN, C.B. 
1968. Hologram heterodyne scanners. Bell Syst. Tech. 
J,. 1868, 47, 9, pp. 1875- 1882. 

8. MACOVSKI, A. 1970. . Considerations of television 
hologr^hy. Optica Acta, 1971, 18, 1, pp. 31 - 39. 

9. ALEKSOFF, C.C. 1970. Temporally modulated 
holography. Appl. Optics, 1971, 10, 6, pp. 1329- 
1341. 

10. DITCH BURN, R.W. 1963. Light. London, Blackie, 
1963. 



21. DOYLE, R.J. fl«rf GLENN, W.E. 1971. Remote real- 
time reconstruction of holograms using the lumatron. 
Appl Optics, 1972, 11, 5, pp. 1261 - 1264. 

22. STEBBINGS, D. 1972. Private communication. 

23. POLE, R.V. 1966. 3-D imagery and holograms of 
objects in white light. Appl. Phys Letters, 1967, 10, 
1,pp. 20-22. 

24. HAINES, K.A. and BRUMM, D.B. 1968. Holographic 
data reduction. Appl. Optics, 1968, 7, 6, pp. 1185- 
1189. 



10a. Ibid. p. 174. 

11. LEITH, E.N. and UPATNIEKS, J. 1961. Recon- 
structed wavefronts and communication theory. J. 
OptSocAnu. 1962,52, 10, pp. 1123-1130. 

12. BURCKHARDT, C.B. 1966. Efficiency of a dielectric 
grating. /. Opt. Soc. Am., 1967, 57, 5, pp. 601 - 603. 

13. KOGELNIK, H. 1967. Reconstructing response and 
efficiency of hologram gratings. Proc. Symposium on 
Modern Optics, New York, March 22-24, 1967. 
(Microwave Research Institute Symposia Series, Vol. 
XVII). New York, Polytechnic Press, 1967, pp. 605- 
617. 

14. KOGELNIK, H. 1967. Hologram efficiency and 
response. Microwaves, 1967, 6, 1 1, pp. 68 - 73. 

15. UPATNIEKS, J. and LEONARD, C. 1969. Efficiency 
and image contrast of dielectric holograms. /. Opt 
Soc. Am.. 1970, 60, 3, pp. 297 - 305. 

16. LIN, L.H. 1970. Method of characterizing hologram- 
recording materials. /. Opt Soc. Am., 1971, 61, 2, 
pp. 203 - 208. 

17. MACOVSKI, A. 1969. Hologram information 
capacity. /. Opt Soc. Am., 1970, 60, 1, pp. 21 - 29. 

18. BURCKHARDT, C.B. and ENLOE, L.H. 1969. 
Television transmission of holograms with reduced 
resolution requirements on the camera tube. Bell 
Syst Tech. J., 1969, 48, 5, pp. 1529 - 1535. 

19. INTERNATIONAL TELEPHONE and TELEGRAPH 
CORPOR ATI ON. Reference data for Radio Engineers, 
5th Edition. Indianapolis, Howard W. Sams and Co. 
Inc., 1968, pp. 26.9-26.10. 

20. ANSLEY, D.A. 1969. Techniques for pulsed laser 
holography of people. Appl. Optics, 1970, 9, 4, 
pp.815- 821. 



25. LEITH, E.N., BRUMM, D.B. and HSIAO, S.S.H. 1971. 
Holographic cinematography. Appl. Optics, 1972, 
11,9, pp. 2016-2023. 

26. LEITH, E.N. a«rf UPATNIEKS, J. 1964. Wavefront 
reconstruction with diffused illumination and three- 
dimensional objects. J. Opt Soc. Am., 1964, 54, 11, 
pp. 1295- 1301. 

27. LEITH, E.N., UPATNEIKS, J. and HAINES, K.A. 

1965. Microscopy by wavefront reconstruction. /. 
Opt Soc. Am., 1965, 55, 8, pp. 981 - 986. 

28. MEIER, R.W. 1965. Cardinal points and the novel 
imaging properties of a holographic system. /. Opt 
Soc. Am, 1966, 56, 2, pp. 219- 223. 

29. SPROSON, W.N. and TAYLOR, E.W. 1971. A 
colour television illuminant consistency index. BBC 
Research Department Report No. 1971/45. 

30. MANDEL, L. 1965. Color imagery by wavefront 
reconstruction. /. Opt Soc. Am., 1965, 55, 12, 
pp. 1697- 1698. 

31. PENNINGTON, K.S. and LIN, L.H. 1965. Multicolor 
wavefront reconstruction. Appl. Phys. Letters, 1965, 
7, 3, pp. 56 - 57. 

32. LIN, L.H., PENNINGTON, K.S., STROKE, G.W. and 
LABEYRIE, A.E. 1966. Multicolor holographic 
image reconstruction with white-light illumination. 
Bell Syst Tech. J., 1966, 45, 4, pp. 659 - 661. 

33. STROKE, G.W. anrf LABEYRIE, A.E. 1966. White- 
light reconstruction of holographic images using the 
Lippmann- Bragg diffraction effect. Phys. Letters, 

1966, 20, 4, pp. 368-370. 

34. COLLIER, R.J. and PENNINGTON, K.S. 1967. 
Multicolor imaging from holograms formed on two- 
dimensional media. App. Optics, 1967, 6, 6, 
pp. 1091 - 1095. 



SMW/JUC 



(PH-116) 



10- 



Printed by BBC Research Department, Kingswood Warren, Tadworth, Surrey 



